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Elisabeth Knust
The shape of an organism largely depends on
movements of  epithelial sheets during embryogenesis.
The discovery of a second MAPK kinase in Drosophila
provides new insights into mechanisms that control the
coordinated movement of epithelial cells. 
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Movements of epithelial cell layers are crucial for estab-
lishing the body plan of most animals. This is particularly
evident during gastrulation, when a single-layered epithe-
lium surrounding the yolk is transformed into the three
germ layers of the gastrula which, in many cases, are also
epithelial structures. The epithelial cells can undergo
rapid shape changes, which allow the various movements
to occur while preserving a highly integrated tissue struc-
ture. The crucial components in these processes are the
cytoskeleton, the cell surface and the extracellular matrix.
How is the movement of cells within the epithelial sheet
orchestrated? Does every cell have an intrinsic ‘knowl-
edge’ of how, when and where to move, or do some cells
act as ‘leaders’ that signal to the remaining cells to change
shape in a concerted fashion? If the latter, what is the
nature of the signals, how are they transmitted from cell to
cell, and how are they interpreted to change the receiving
cell’s behaviour?
The components of many signaling pathways have been
elucidated in organisms that are readily accessible to
genetic analysis, such as yeast, the nematode Caenorhabdi-
tis elegans and the fruit fly Drosophila. Several of these
pathways involve protein kinase cascades that ultimately
modulate the activity of target proteins by phosphoryla-
tion. Strikingly, several of these protein kinases are highly
conserved from yeast to man. One key component is a
serine/threonine kinase known as mitogen-activated
protein kinase (MAPK) or extracellular-regulated kinase
(ERK). MAPK is regulated by a cascade of protein
kinases, including MAPK kinase (MAPKK, also called
MEK) and MAPKK kinase (MAPKKK or MEKK) [1]. 
In yeast, several receptors that regulate mating, cell-wall
biosynthesis and other processes are independently
coupled to different MAPK pathways (Fig. 1a) [2,3]. In
Drosophila, signalling cascades involving receptor protein
kinases are required in processes as diverse as develop-
ment of the R7 photoreceptor cell, differentiation of the
embryonic termini and establishment of ventral fate in the
early embryo. In contrast to the situation in yeast, these
cascades in Drosophila converge on a common protein
kinase pathway (reviewed in [4]) (Fig. 1b). Is this the only
protein kinase pathway in Drosophila? A recent paper by
Glise et al. [5] provides important insights into both this
question and the questions about epithelial cell move-
ment posed above. Glise et al. [5] not only suggest that
sequential protein kinase reactions may control morpho-
genetic movements but also describe a novel MAPK
kinase, indicating that more than one intracellular protein
kinase pathway may also exist in Drosophila.
Dorsal closure mutants
The Drosophila epidermis, a single-layered epithelial
sheet, initially covers the ventral and the lateral sides of
the embryo but then expands dorsally to encompass the
embryo. This event, called ‘dorsal closure’ (Fig. 2), starts
at mid-embryogenesis and takes about two hours [6]. It
can be divided into three phases. First, the most dorsal
cells of the epidermis, called the leading edge, elongate
along the dorsoventral axis. These cells can be clearly dis-
tinguished by their expression of a reporter construct
inserted into the gene puckered [7]. Second, as dorsal
closure proceeds, the more laterally placed cells of the epi-
dermis also elongate, displacing the whole epithelial sheet
dorsally. Third, the leading edges of both sides meet at
the dorsal midline and fuse. Several predictions can be
made about the elements that control the movement: mol-
ecular motors must be involved to deliver a driving force;
components of the cytoskeleton must transduce these
forces, thereby inducing adjacent cells to change shape;
strong intercellular connections must maintain the
integrity of the epithelial sheet; and molecular switches
must regulate all these processes.
Several mutations in Drosophila have been identified that
interrupt dorsal closure. Embryos with such mutations
commonly have a hole on the dorsal side. Some of the
genes that carry these mutations have been analyzed at
the molecular level. One of them, zipper, encodes a non-
muscle myosin heavy chain [8]. Throughout the process of
dorsal closure, the protein is highly enriched in the cells at
the leading edge of the lateral epidermis, suggesting that
it provides the driving force required for the elongation of
the cells, thereby drawing the lateral epidermis towards
the dorsal surface of the embryo. The phenotypes of
embryos with mutations in coracle, which encodes the
Drosophila homolog of vertebrate band 4.1 protein [9], and
l(1)myospheroid, encoding a b-integrin subunit [10,11],
support the participation of cytoskeletal and cell adhesion
molecules, respectively. In contrast to these mutants, the
dorsalward movement of the epidermal sheet still takes
place in puckered mutant embryos; however, the dorsal-
most cells become disorganized during movement of the
epithelium and the leading edges become irregular
(‘puckered’), leading to an abnormal midline [7]. This
points to a particular function for these cells in the final
phase of dorsal closure.
The recent identification and molecular characterization
of the hemipterous gene [5] have now shed some light on
possible molecular mechanisms that control the switch
from a static epithelium to a coordinately moving sheet of
cells. Embryos that are homozygous for a mutation in
hemipterous fail to undergo dorsal closure, like the other
mutants mentioned above. Closer inspection of the indi-
vidual steps of dorsal closure in hemipterous mutants
revealed that, while elongation of the cells at the leading
edge seems to be unaffected, and the epithelium even
moves to some extent, the elongation of the more lateral
cells does not occur, resulting in a failure to complete
dorsal closure. Analysis of the process in genetically sensi-
tized embryos that have only threshold amounts of the
hemipterous gene product suggests that the protein is
required throughout the second phase of dorsal closure. 
Molecular analysis showed that hemipterous encodes a
protein that is likely to be a Drosophila homolog of the
Jun kinase kinase (JNKK), a member of the
MAPKK/MEK protein kinase family. This family is
divided into two subfamilies on the basis of the presence
or absence of an insertion between two kinase subdo-
mains. The lack of an insertion in the MAPKK encoded
by hemipterous clearly distinguishes it from the only other
known Drosophila MAPKK, the product of the Dsor1 gene
[12]. These two enzymes are also functionally distinct: a
gain-of-function mutation in rolled, the gene encoding the
MAPK of the torso and sevenless pathway, rescues loss-of-
function mutations in genes further upstream in both
pathways [13], but it is unable to rescue the dorsal-closure
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A simplified summary of the MAPK pathways of the yeast
Saccharomyces cerevisiae (a) and the fruit fly Drosophila (b). Solid
boxes of the same color represent homologous proteins in the protein
kinase cascades: pink, MAPKKK (or MEKK); brown, MAPKK (or MEK);
blue, MAPK (or ERK). In yeast, the kinase cascades act independently.
In Drosophila, the signals transmitted by three different receptor
tyrosine kinases — the products of the torso and sevenless genes, and
the Drosophila EGF receptor (DER) — converge on a common
pathway in which the genes D-raf, Dsor1 and rolled encode the
members of the kinase cascade (the participation of rolled in the signal
transduction mediated by DER is not yet proven). hemipterous
encodes a member of the MAPKK family, and is likely to be a member
of another kinase cascade. 
defect of hemipterous embryos. The finding that puckered is
not expressed in the leading edge in hemipterous mutants
suggests a requirement for hemipterous in the leading
edge, although its precise function in the movement of
the epithelium has still to be worked out. Taking into
account what we know about signalling cascades,
hemipterous is likely to represent one step in a signal-trans-
duction pathway; further work should identify the
missing links soon. 
At present only some elements of a few signalling path-
ways that control morphogenetic movements are known in
Drosophila. These include the MAPKK discussed here, a
putative cell signal and a Ga-like protein, products of the
folded gastrulation and concertina genes, respectively, which
are required during gastrulation [14–16], and an FGF-
receptor homolog encoded by the breathless gene, which is
essential for migration of tracheal cells [17,18]. These
limited data nevertheless suggest that these pathways are
as diverse as the processes themselves. With the powerful
tools of Drosophila genetics, we can expect to unravel the
complete pathways soon. 
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Figure 2
Dorsal closure in Drosophila embryogenesis. (a) At stage 13, the
epidermis covers the ventral and lateral sides of the embryo, while the
amnioserosa covers the dorsal side. During the following stages, the
epidermis moves dorsalward (arrows), accompanied by elongation first
of the cells in the leading edge and later of the more lateral ones. (b)
At the end of this process (stage 15), the two leading edges meet at
the dorsal midline and the cells fuse.
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